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Abstract 
In this paper we present the application of a modified iterative Fourier transform algorithm in combination with a closed 
loop feedback control using a CCD camera in order to improve the diffraction efficiency and uniformity of two-dimensional 
intensity distributions generated using a spatial light modulator (SLM). The impact of these improvements is demonstrated 
for nanosecond laser marking of a two-dimensional data matrix on a thin metal film utilising the dynamic nature of the 
SLM.   
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1. Introduction 
Spatial light modulators (SLM) based on liquid crystal microdisplays have attracted lots of attention in 
various application areas due to their very high spatial resolution, their direct programmability and also their 
speed. Until recently, the application of SLMs for laser micromachining has been limited to the femtosecond 
(fs) [1, 2] and picosecond (ps) [3] regimes. We have shown that cooling an SLM display enabled it to be used 
with a nanosecond (ns) laser with an average power suitable for laser machining [4]. Laser machining with ns 
pulses is more widely used for industrial applications to date than ps or fs machining, which is the driver for the 
work presented in this paper. We recently demonstrated laser marking of complex two-dimensional patterns 
onto thin metal films and bulk metal surfaces using an SLM with a ns laser [5]. The dynamic nature of the SLM 
means that it is possible to improve the quality of the laser marking (in comparison with results obtained with a 
fixed diffractive optical element, or DOE) by reducing the impact of the inherently speckled intensity 
distribution. Based on the technique published by Golan and Shoham [6] a single computer generated 
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hologram, also referred to as a kinoform, is calculated using an iterative Fourier transform algorithm (IFTA) 
[7]. A series of copies of this kinoform are produced, each being periodically and cyclically shifted. By 
combining the images generated by these shifted kinoforms it is possible in theory to completely eliminate the 
speckle in the resultant image. 
In addition to the speckle reduction technique, we present in this paper the application of a modified iterative 
Fourier transform algorithm (MIFTA), as published by Liu et al. [8, 9] and Thomson et al. [10], in combination 
with a feedback loop based on an intensity measurement with a CCD camera to increase both the diffraction 
efficiency and the uniformity of the generated intensity distribution. This can significantly improve the quality 
of laser marking as demonstrated here. 
2. Speckle reduction technique 
The speckled intensity distribution of the image is an inherent and well known problem with computer 
generated holograms due to the pixilated structure of the diffractive optical element or in this case the SLM. In 
visual applications the speckle can be reduced for example by displaying multiple images with the same 
intensity distribution but different phase during a single video frame. When displaying those multiple images at 
a higher rate than the response time of the eye, the observer perceives a single image with time-averaged 
speckle and reduced speckle contrast. For nanosecond laser machining typically requiring much longer dwell 
times than the response time of a SLM and multiple laser pulses a similar approach can be applied.  
Generating a series of kinoforms that are shifted in the horizontal and/or vertical plane but are based on the 
same individual kinoform can produce an image with the same amplitude distribution but with varying speckle 
distributions as presented by Golan and Shoham [6]. They show mathematically that a periodic shift of the 
kinoform can in principle completely eliminate the speckle in a combined image. The successful application of 
this speckle reduction technique for laser micromachining was demonstrated by Parry et al. [5]. 16 kinoforms 
that are periodically shifted in horizontal and vertical direction with an increment of a quarter of the kinoform 
size (see demonstration in figure 1) were created based on a single kinoform and addressed to the SLM during 
the machining process in order to significantly reduce the impact of the speckle and to improve the quality of 
the laser machining. 
Figure 1. Demonstration of periodic shift of kinoform in horizontal and vertical direction with increments m of a quarter of the size of the 
initial kinoform. The red circle tracks a single feature. 
3. Modified iterative Fourier transform algorithm 
For the work presented in this paper a MIFTA, as published by Liu et al. [8, 9] and Thomson et al. [10], is 
applied. This technique is based on the Gerchberg Saxton algorithm, but with the output constraints modified 
by analyzing the (theoretical) irradiance patterns generated from the previous iterations of the algorithm. The 
modified Fourier-domain constraint function is based on the difference between the output results of the 
Gerchberg Saxton or the output results of every new iteration, and the desired output intensity distribution. This 
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method takes the pixilated structure of the diffractive optical element, or in our case the SLM, and also the 
quantized phase levels of each pixel into account. The MIFTA results in both improved diffraction efficiency 
and an improved irradiance pattern.  
In addition, the resulting beam shape obtained when addressing the kinoform to the SLM including the 
speckle reduction technique was measured using a monochrome CCD camera. The information obtained about 
the time average intensity distribution was fed back in a closed-loop control for a further modification of the 
target profile. A subtraction method of the measured beam shape and the desired output result is applied to 
determine the target profile for the following iterations of the MIFTA. This enables, for example, compensation 
for nonlinearities of the SLM phase response. This phase response has been calibrated with a low power laser 
source at room temperature. Using this feedback loop for the target modification can also enable compensation 
for changes of the phase response due to a heating up of the device during the laser machining process. 
4. Application to laser marking 
The SLM device applied in this work is the LC-R 2500 from Holoeye. The SLM works in reflection and has 
1024 × 768 pixels in a display size of 19.5 × 14.6 mm. The image frame rate is 75 Hz with 256 available gray 
values for each pixel. The SLM is embedded into our laser machining workstation as illustrated in figure 2. The 
laser is a Nd:YVO4 system (Spectra-Physics Inazuma) emitting laser pulses with a pulse length of ~65 ns and a 
repetition rate between 15 and 100 kHz at a wavelength of 532 nm. Linearly polarized light, expanded using a 
telescope, is incident on the SLM at close to normal incidence. The orientation of the linear polarized light 
relative to the SLM is controlled using a half wave plate (not shown in figure 2). The beam is focused on to the 
workpiece using a 6f-system consisting of a telescope arrangement and the flat field lens of the galvanometric 
(galvo) scan head. A polarization independent beam splitter is used to focus a small percentage of the laser 
light onto a monochrome CCD camera to measure the generated intensity distribution for feedback to the 
algorithm. 
Figure 2. Setup of SLM embedded into laser machining workstation. 
Figure 3a) shows the beam shape captured with the CCD camera for a single computer generated hologram 
using the standard IFTA. The target profile for the IFTA was set off-axis to create a separation between the 
desired intensity distribution and the zero diffraction order (bottom right of figure 3a). The beam shape is a 
10 × 10 data matrix representing the letters “AOP”. It inherently suffers from speckle. Using the speckle 
reduction technique and exploiting the dynamic nature of the SLM based on [5], the impact of the speckle can 
be significantly reduced. Figure 3b shows the software calculated average intensity when addressing 16 
periodically shifted kinoforms to the SLM. Using the MIFTA [8-10] and a modified target based on the 
feedback from the CCD camera as described above, the beam shape can be further improved in terms of 
intensity and uniformity (figure 3c). The average intensity of the diffraction pattern was increased by ~20% 
compared with the IFTA result as shown in figure 3c. The standard deviation of the intensity distribution used 
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as a measure of non-uniformity was reduced by ~10% by using the MIFTA and the target modification 
compared to the intensity distribution generated by the IFTA.  
The laser machining results for direct marking of a thin metal coating on a glass substrate with these beam 
shapes are shown in figure 3 d) – f): The laser was operated in all three cases at a repetition rate of 100 kHz and 
an average power of 2.7 W which is just slightly above the ablation threshold of the metal coating. For figure 
3d), a single kinoform based on the IFTA was used to machine the coated glass 16 times, each with an 
exposure time of 13.3 ms. The exposure time of 13.3 ms for the laser machining has been chosen according to 
the SLM frame rate of 75 Hz in order to avoid a potential influence of the electronic addressing of the device 
on the laser beam shape. The results when using the speckle reduction technique are shown in figure 3e) with 
an exposure time of 13.3 ms for each of the 16 positions of the periodically shifted kinoform. Figure 3f) shows 
the result based on the MIFTA and the feedback from the CCD camera machined in the same way as for the 
previous figure. The data matrix pattern appears much clearer in this case and the intensity gradient from the 
bottom left to the top right is significantly reduced. The laser machined data matrix shown in figure 2f) is 
readable with standard decoding software [11] in contrast to the results shown in figure 2d) and 2e).  
Laser machining of thin metal films clearly has a limited number of applications, the results presented in this 
paper can however be considered as proof of concept. Expanding this technique to bulk materials would be 
beneficial for a much wider field of applications. Higher laser intensities would be required for this being 
limited by the power handling capabilities of the device. Laser marking with complex beam shapes on bulk 
stainless steel was demonstrated in [5] but on a smaller scale. Also, moving to shorter pulse durations such as 
in the picosecond regime would potentially be beneficial to reduce the impact of the increased thermal mass 
and the heat conductivity associated with the bulk material.  
Figure 3. Top: Intensity distribution measured with CCD camera: a) initial kinoform; b) software calculated average of 16 images taken for 
periodically shifted kinoform; c) software calculated average of 16 images taken for periodically shifted kinoform based on MIFTA and 
feedback loop; Bottom: Laser marks on thin metal layer coated on glass (two tiled images due to limited viewing area of microscope): d) 
single kinoform machined 16 times with 13.3 ms exposure time; e) IFTA generated kinoform shifted periodically 16 times and marked for 
13.3 ms each; f) kinoform based on MIFTA and feedback loop, shifted periodically 16 times and marked for 13.3 ms each.
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We have demonstrated in this paper that the application of the modified iterative Fourier transform 
algorithm in combination with closed loop feedback using a CCD camera results in significant improvement of 
the quality of laser marking using the complex beam shapes generated by a spatial light modulator from a ns 
pulsed laser. Combining the previously reported speckle reduction technique with the MIFTA and 
incorporating feedback from the actual intensity distribution in the algorithm results in an increase of the 
diffraction efficiency and an improvement of the uniformity of the generated intensity distribution. For laser 
machining applications with intensities close to the ablation threshold of the material this enables a significant 
improvement of the quality of the marking result. 
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